Abstract. Historically, fish predation has been viewed as a primary determinant of zooplankton community size structure and variable dominance by large-bodied Daphnia species. However, recent models have emphasized the relative carbon, nitrogen, and phosphorus content of algae as a potential determinant of these patterns. In this research, I utilized five fishless ponds that varied in Daphnia pulex relative abundance and patterns of seasonal succession to explore the factors influencing Daphnia population performance in these systems. D. pulex population growth rates were measured in three treatments: (1) predators/competitors excluded, (2) competitors present and predators excluded, and (3) competitors and the predator Chaoborus present. The experiment was conducted twice in the growing season. In contrast to the top-down view, effects of competition outweighed effects of predation but were variable among ponds (being strongest in those ponds/times in which Daphnia relative abundance was low, and weakest when Daphnia were dominant). Competitor interaction strength was also temporally variable, increasing later in the season. Several potential determinants (biotic and abiotic) of variable competition intensity were explored using regressions. Only the C:P ratio of edible algae showed a significant relationship; negative effects of competition increased as algae became more phosphorus limited, in keeping with recent stoichiometric models. However, significant collinearities in several biotic/abiotic variables among ponds suggest that this interpretation may not be the only explanation for variable competition intensity.
INTRODUCTION
The field of community ecology has amassed an impressive body of evidence supporting the importance of competition and predation in structuring natural communities (Sih et al. 1985 , Gurevitch et al. 1992 . Having acquired the knowledge that such density-dependent processes operate in nature, one could argue that a more daunting task now facing ecologists is attaining the capacity to predict when, where, and with what intensity these organizational forces operate. The phenomenon of seasonal succession provides fertile ground for theoretical and empirical exploration of the ecological mechanisms forcing community dynamics. This is no more apparent than in aquatic ecosystems where seasonal turnover in plankton species composition and dominance is commonplace (Sommer et al. 1986 ). Such striking temporal transformations present a novel challenge to familiar equilibrial approaches that assume a static hierarchy of competitive ability or susceptibility to predation, requiring instead that top-down 1 Present address: Department of Ecology, Evolution, and Natural Resources, 14 College Farm Rd., Cook College, Rutgers University, New Brunswick, New Jersey 08901 USA. E-mail: csteiner@rci.rutgers.edu and bottom-up processes be approached as dynamic phenomena. Since patterns of succession can also vary pronouncedly among water bodies, seasonally dynamic systems are ideal model systems for examining spatiotemporal variation in competitor and predator interaction strength and the factors, be they biotic or abiotic, underlying this variation.
Zooplankton commonly exhibit seasonal turnover in community size structure, with large-bodied Daphnia species dominating early in the growing season followed by dominance by small-bodied Cladocera (e.g., Ceriodaphnia and Diaphanosoma) or small copepods (Sommer et al. 1986, Gliwicz and Pijanowska 1989) . Both resource competition and predation are thought to drive variation in zooplankton size structure and the size-efficiency hypothesis has frequently provided the theoretical framework for understanding the action and relative importance of these forces (Brooks and Dodson 1965, Gliwicz and Pijanowska 1989) . This model postulates that large species are competitively superior to small-bodied species of zooplankton. Size-selective predation on large zooplankton by efficient planktivores (i.e., fish) can shift dominance to smaller forms. Despite the appeal of this model, a sizable body of evidence suggests that variable dominance by large Daphnia may be dependent on interspecific competi- VARIABLE INTERACTION STRENGTH tion and its interaction with environmental context, independent of fish predator presence or absence (see DeMott 1989) . As examples: resource quality, temperature, productivity, and variability in resource levels have all been cited as factors that may influence zooplankton performance, as well as the strength and outcome of competitive interactions between large and small-bodied taxa (Lynch 1978 , Tillmann and Lampert 1984 , Romanovsky and Feniova 1985 , Bengtsson 1987 .
More recently, attention has focused on algal stoichiometry as an important aspect of resource quality. Compared to most small-bodied Cladocera and copepods, Daphnia tissues have some of the lowest carbon to phosphorus and nitrogen to phosphorus ratios among zooplankton taxa (Sterner and Hessen 1994) . Due to their high demands for phosphorus, Daphnia performance can be linked to the nutrient content of their food (i.e., C:N:P ratios; Hessen 1994, Urabe et al. 1997) . It has been hypothesized that phosphorus limitation due to high C:P and N:P of algae could enhance the negative effects of resource competition, leading to competitive reversals between large Daphnia and taxa with lower phosphorus requirements (Sterner and Hessen 1994) . This prediction has yet to be shown empirically.
To date, studies of zooplankton/Daphnia dynamics have been largely limited to studies of lakes, explaining to some degree the emphasis on consumer effects by planktivorous fish. In this study, I examine fishless ponds in southern Michigan, systems that are known to exhibit a tremendous amount of spatial (among pond) and temporal variation in the incidence and relative abundance of Daphnia pulex, the primary largebodied zooplankter in these systems (Steiner 2001) . Though invertebrate predators are present (dominated by phantom midge larvae, Chaoborus americanus), evidence that these planktivores can control large Daphnia is equivocal (Gliwicz and Pijanowska 1989) . Thus, these systems are ideal for exploring effects of resource competition and its hypothesized interaction with environmental context (e.g., algal stoichiometry). That a single species, Daphnia pulex, is the dominant largebodied zooplankter in these systems facilitates acrosssystem quantification and comparison of variation in species interaction strength METHODS Experiments were performed in 1999 in five fishless ponds: P12, P14, and P15, located at the Kellogg Biological Station experimental pond facility, and Shaw4 and Lux16, two ponds found within a 100-km radius around the station. All ponds contained water yearround in the two to three years prior to the experiments (personal observation) and harbored no Daphnia species other than Daphnia pulex (hereafter referred to as Daphnia). Chaoborus populations in all ponds were composed of Chaoborus americanus (hereafter referred to by genus). During the experimental periods, the ponds varied greatly in total chlorophyll a (5-188 g/ L), seston C:P (121-499, molar), seston N:P (11-143, molar), and temperatures ranged between 22Њ and 26ЊC (see Appendix). Ponds were chosen to represent a range of variation in Daphnia relative biomass and patterns of seasonal succession. In 1998, all five ponds were known to have Daphnia early in the growing season, but two of the five (P14 and P15) exhibited a complete loss of Daphnia midsummer.
Competition effects were assessed using two treatments: a competitor and predator exclusion (ϪCOϪPR) and a treatment with competitors present at natural densities and predators excluded (ϩCOϪPR). To assess Chaoborus effects, I included a treatment in which both predators and competitors were present at natural densities (ϩCOϩPR). AϪCOϩPR treatment was not included because small-bodied zooplankton were invariably introduced with predators when collecting predators from field samples. The three treatments were replicated three times and the design was implemented concurrently in all five ponds, for a total of 45 enclosures. I executed this experimental design twice in the growing season, once in late May/early June (''early season period''), when Daphnia were still present in all ponds but were declining in some, and once in mid August (''late season period''), when Daphnia were absent from a subset (P14, P15, and Shaw4).
All enclosures were covered with screening to prevent insect invasion. Predator/competitor exclusions (ϪCOϪPR) consisted of impermeable 27-L polyethylene bags, sealed at their bottoms and suspended from frames in the water column. These enclosures were filled with water from their respective ponds filtered through an 80-m mesh to remove the majority of zooplankton (though micrograzers, such as protists, were probably unaffected). Competitor and predator enclosures (ϩCOϪPR and ϩCOϩPR) consisted of permeable, 27-L polyester cloth bags with a mesh size of 250 m. This mesh is large enough to permit the natural algal assemblage (excepting the largest net phytoplankton) as well as the majority of the small-bodied zooplankton community to move into the enclosure when initially expanded in the pond. Yet, it is small enough to keep Daphnia in and predators in or out. Treatments with competitors present and predators excluded (ϩCOϪPR) were intended to measure Daphnia performance under ambient pond conditions (i.e., ambient resource quantity/quality and abiotic conditions), in the absence of predator effects. Predator/competitor exclusions (ϪCOϪPR) measured short-term Daphnia responses to the indirect effects of competitor removals (the contrast between these two treatments being a measure of competition intensity). Note that exclusion of any small-bodied zooplankton from the mesh bags should have biased the experiment towards seeing weak effects of competition. Predator treatments (ϩCOϩPR) measured direct negative effects of predators, over and above competitor effects. Because algal resources and competitors could move freely into the mesh enclosures, indirect positive effects of predators due to any reduction in competitor densities were likely minimized in ϩCOϩPR treatments.
Chaoborus were collected from the water column of each pond and predator treatments received an initial predator population approximately equal in density and size structure to that found in the pond at the time of the experiment (density range: 0.13-6.33 individuals/ L; Appendix). All enclosures, for both experimental periods, received a low-density inoculum of lab-cultured Daphnia resulting in an initial density of approximately four individuals per liter. To minimize the effects of culture conditions on initial population growth rates, I added juveniles only (i.e., egg-bearing individuals were excluded). Juveniles are commonly used to assess ecological performance and fitness of Daphnia species Trubetskova 1996, Tessier et al. 2000) . Hence, the present experiment should have provided a robust assay of relative performance among ponds and treatments.
After 12 d, each enclosure was exhaustively sampled by taking 50 vertical tows with a conical zooplankton net with an 80-m mesh size. The short experimental duration minimized enclosure artifacts due to their high surface to volume ratio and ensured that mesh bags remained largely free of periphyton growth that could have clogged the enclosures. For my primary response variable, I calculated a per capita, instantaneous population growth rate as r ϭ [ln(N 2 /N 1 )](1/t), where t was the duration of the experiment (12 d), N 1 was the initial stocking density, and N 2 was the density at the end of the experiment.
Midway through each experimental run, pond zooplankton communities were sampled by taking two samples (3 L each) with an integrated tube sampler at 4-10 points along a transect extending from 1 m from pond edge to pond center. Each replicate sample was pooled along the transect, integrating spatial variation within the pond. Zooplankton were preserved using acid Lugol's solution and later enumerated. Zooplankton were identified to the genus or species level excepting copepods, which were grouped as calanoid or cyclopoid. For each sample, 50 randomly chosen individuals of each taxon were also measured to obtain dry mass estimates (McCauley 1984) . For statistical analyses, zooplankton were grouped as copepods, rotifers, or small-bodied Cladocera (excluding Daphnia). Seston C:N:P and chlorophyll a (as a measure of algal biomass) were determined from pooled water samples collected along the transect. To determine C:P and N:P ratios of edible seston, water was first filtered through a 35-m mesh to remove zooplankton, divided in two, and filtered onto two precombusted A/E filters. One filter was first fumed with concentrated HCl to remove carbon contributions from CaCO 3 and then analyzed for C and N content using a Carlo-Erba CHN analyzer (Carlo Erba Strumentazione, Milan, Italy). The other was used to measure particulate P using the ammonium molybdate method following persulfate digestion (Wetzel and Likens 1991) . Algal size structure was determined by filtering water samples with a 15 and 60-m mesh in order to examine five size fractions of chlorophyll a (Ͻ15 m, 15-60 m, Ͻ60 m, Ͼ60 m, and total). Temperature, oxygen, and pH were also recorded along sample transects, at middepth, using a Horiba U-10 portable probe (Horiba Instruments Inc., Kyoto, Japan). Biotic and abiotic pond measures can be found in the Appendix.
In the following analyses, pond identity is treated as a treatment or fixed effect. Treatment effects on r for each experimental period were explored using ANO-VA. Comparisons between ϪCOϪPR and ϩCOϪPR treatments were used as a measure of competition effects, while comparisons of ϩCOϪPR and ϩCOϩPR treatments assessed predator effects, over and above competitor effects. Temporal changes in treatment effects were explored using univariate repeated measures ANOVA (rm-ANOVA). I used least-squares linear regressions to examine the relationships between six measures of competition/predation intensity and pond environmental variables. I first calculated ''interaction strength'' in a given pond as ⌬r (analogous to an effect size), equal to the difference between the mean r from the experimental and the mean r from its control. Thus, to measure competitor interaction strength, the mean from its control (ϪCOϪPR treatments) was subtracted from the mean of the competition treatment (ϩCOϪPR). Predator interaction strength was measured as the difference between the mean r from the predator treatment (ϩCOϩPR) and the mean of its control (ϩCOϪPR). Competitor plus predator interaction strength (the combined effect) was calculated as the difference between the predator treatment (ϩCOϩPR) and the no predator/no competitor control (ϪCOϪPR). It has been argued that experimental effect sizes (or interaction strengths) divided by responses in controls have greater biological relevance, especially when comparing results across systems with widely varying environmental conditions (see Grace 1995) . Therefore, I calculated a ''relative interaction strength'' for competitor, predator, and competitor plus predator effects by dividing ⌬r by the absolute value of the mean r of its control. All statistical analyses were performed using Systat Version 8.0.
RESULTS
Daphnia populations exhibited positive growth responses in all controls during both June and August experiments (Fig. 1) . Competitors depressed population growth rates (relative to controls) during both periods ( Fig. 1 ; two-way ANOVAs; early season, F 1,20 ϭ 243.87, P Ͻ 0.0001; late season, F 1,20 ϭ 466.57, P Ͻ 0.0001). However, the magnitude of these effects were dependent on pond identity, as indicated by significant pond ϫ competition interactions during both early and late season experiments (early season, F 4,20 ϭ 18.91, P Ͻ 0.0001; late season, F 4,20 ϭ 27.11, P Ͻ 0.0001). Competition effects were significant in P12, P14, P15, and Shaw4 during both periods (P Ͻ 0.05, Tukey's HSD, for all comparisons). Competition effects were not detected in Lux16 (P Ͼ 0.30, Tukey's HSD, for both early and late season). There was a significant temporal component to the effects of competitors; a significant time ϫ competition interaction was detected, indicative of a seasonal intensification (F 4,20 ϭ 47.71, P Ͻ 0.0001, repeated-measures ANOVA). This was clear when examining competitor interaction strength (⌬r) through time (Fig. 2) . There was also some indication that the temporal interaction differed among ponds; slopes in Fig. 2 appear to be heterogeneous. In Lux16, the pond with the highest Daphnia relative biomass, competition effects were weak and increased little with time (Fig. 2) . In contrast, competition effects were stronger and increased in time in the other four systems. A time ϫ pond ϫ competitor interaction was detected, but only at the P ϭ 0.060 level of significance (F 4,20 ϭ 2.71, repeated-measures ANOVA).
Predators had significant negative effects on Daphnia population growth rates during both June and August experiments ( Fig. 1 ; two-way ANOVA; early season, F 1,20 ϭ 7.04, P ϭ 0.015; late season, F 1,20 ϭ 6.26, P ϭ 0.021). However, a significant pond ϫ predator interaction was detected during the August period (F 4,20 ϭ 3.26, P ϭ 0.033); late in the growing season, predators had negative effects in Lux16 only (P Ͻ 0.01, Tukey's HSD; P Ͼ 0.90, Tukey's HSD, for all other ponds). When examining both dates together using repeated measures, predators had an overall significant effect on Daphnia r (F 1,20 ϭ 12.78, P ϭ 0.002). Time interactions with predation were not detected (all P Ͼ 0.10). Predator effects were generally outweighed by competition effects, especially during the August period (Fig. 1) . The exceptions were P14 in June and Lux16 in August. This was clear when viewing competitor plus predator interaction strength, which largely paralleled competitor interaction strength (Fig. 3) . For brevity, measures of predator interaction strength are not depicted.
Daphnia relative biomass in the ponds (measured as Daphnia biomass divided by total zooplankton biomass in pond samples) was significantly related to relative competitor plus predator interaction strength (i.e., competitor plus predator interaction strength divided by the absolute value of the mean response in ϪCOϪPR treatments; y ϭ 0.368x ϩ 0.622, P ϭ 0.032, r 2 ϭ 0.458, n ϭ 10). It was also related to relative competitor interaction strength (i.e., competitor interaction strength divided by the absolute value of the mean response in ϪCOϪPR treatments; y ϭ 0.317x ϩ 0.500, P ϭ 0.039, r 2 ϭ 0.433, n ϭ 10). All regressions with measures of predator effects were not significant (all P Ͼ 0.40). Fig. 4 depicts the relationship with relative competitor plus predator interaction strength; ponds/periods in which combined effects were strongest (most negative) were those with the lowest natural relative biomasses Ecology, Vol. 84, No. 4 FIG. 3 . Temporal trends and among-pond differences in competitor plus predator interaction strength. Values shown are means Ϯ 1 SE. Effects were measured as the difference between mean r from ϩCOϩPR treatments and mean r from ϪCOϪPR controls.
FIG. 4. The relationship between
Daphnia relative biomass (measured in the study ponds) and relative competitor plus predator interaction strength (competitor plus predator interaction strength divided by the absolute value of responses in ϪCOϪPR controls) for all ponds and both experimental periods. The linear regression line is displayed. of Daphnia. This relationship was largely due to the competition component, with the addition of predator effects adding little to the explanatory power of the model (increasing r 2 by 0.025). Data from Lux16 in August appear to be strongly influencing the regression. However, the relationship was still significant when removing this outlier (P ϭ 0.022, r 2 ϭ 0.553, n ϭ 9).
I used multiple linear regressions to examine determinants of variation in competitor and predator effects. The large number of limnological variables measured in the ponds (Appendix) precluded inclusion of all factors in a regression model. Instead, I determined the key environmental measures that varied among the ponds by including all variables in a principal components analysis. The first PCA axis explained 43.9% of the total variance and the second axis accounted for an additional 18.6%. I treated the first PCA axis as the primary environmental gradient among the ponds. Temperature, log total chlorophyll a, seston C:P ratio, and the relative biomass of the Ͻ15-m fraction of chlorophyll a were positively correlated with the first axis (all P Ͻ 0.05, Bonferroni corrected). Only the relative biomass of the 15-60 m fraction of chlorophyll a was correlated with the second PCA axis (P ϭ 0.063, Bonferroni corrected). Given the small amount of additional variation explained by this axis, this measure was not included in the following analyses. However, including it does not qualitatively alter my conclusions.
In both forward and backward stepwise regressions, competitor interaction strength was significantly and negatively related only to seston C:P (P ϭ 0.0223, r 2 ϭ 0.499, n ϭ 10), as was relative competitor interaction strength (P ϭ 0.021, r 2 ϭ 0.506, n ϭ 10). Thus, negative effects of competitors were greater in ponds with higher carbon to phosphorus ratios of edible resources (Fig. 5) . Stronger competition effects with increasing phosphorus limitation were due to steeper declines in r in ϩCOϪPR treatments relative to ϪCOϪPR controls (Fig. 6) . Mean Daphnia population growth rates decreased with increasing C:P in ϩCOϪPR treatments ( y ϭ Ϫ0.00065x ϩ 0.278, P ϭ 0.004, r 2 ϭ 0.670, n ϭ 10) and more weakly in ϪCOϪPR treatments ( Fig. 6 ; y ϭ Ϫ0.00025x ϩ 0.264, P ϭ 0.052, r 2 ϭ 0.393, n ϭ 10). The slope from ϩCOϪPR treatments was significantly steeper than the slope from the ϪCOϪPR treatments (P Ͻ 0.05, one-tailed t test). Predator interaction strength and relative interaction strength were not significantly related to any of the four pond variables.
Factors other than those identified by the PCA could have influenced competition and predation intensity. As a precaution, I fully explored the data set by performing separate regressions with all measures of interaction strength against all pond variables not in- cluded in the multiple regression models. These variables included log 10 -transformed Chaoborus density, mean Chaoborus body mass, log 10 -transformed density of third and fourth instars of Chaoborus combined, and relative and log 10 -transformed measures of zooplankton community composition and chlorophyll a. This analysis revealed one additional pattern. Though predator interaction strength was not significantly related to total Chaoborus density (P Ͼ 0.08), it was significantly and negatively related to the combined density of third and fourth instars of Chaoborus (P ϭ 0.05, r 2 ϭ 0.400, n ϭ 10). Hence, negative effects of predators increased with the increasing abundance of these larger size classes. Finally, I examined the relationship between Daphnia responses in ϪCOϪPR treatments with pond abiotic variables (Appendix). No significant relationships were detected.
DISCUSSION
The central role that planktivorous fish can play in determining the size structure of zooplankton communities is largely undisputed; clear examples of shifts in zooplankton size structure due to variation in selective predation on large-bodied taxa are numerous (reviewed in Gliwicz and Pijanowska 1989) . However, the ability of large-bodied Daphnia to invariably dominate small-bodied taxa in competition is not as certain (Bengtsson 1987) . A number of studies, both empirical and theoretical, have shown that competitive dominance by small-bodied taxa is feasible (e.g., Neill 1975 , Goulden et al. 1982 , Romanovsky and Feniova 1985 , Bengtsson 1987 , Tessier and Goulden 1987 , Sterner and Hessen 1994 ). Yet, a framework that embraces resource competition between large Daphnia and smallbodied taxa as a primary determinant of spatiotemporal variation in Daphnia relative abundance must also allow for variability in the strength and outcome of competitive interactions; evidence for this in field settings has been less forthcoming. Studies by Lynch (1978) and Smith and Cooper (1982) , both performed in single fishless ponds, are perhaps the best examples of field experiments that demonstrated variable effects of competition between Daphnia and small-bodied zooplankton.
The present investigation suggests that the effects of resource competition, as opposed to predation, may have an overriding influence on patterns of Daphnia relative abundance in fishless systems. Abiotic factors alone were clearly not principal determinants of Daphnia performance. Daphnia exhibited positive responses in all ϪCOϪPR enclosures during both experimental periods, and regressions failed to reveal a relationship between temperature, pH, or oxygen and growth responses in ϪCOϪPR treatments or competitor/predator interaction intensity. Spatiotemporal variation in competition effects (pond ϫ competitor and time ϫ competitor interactions) was also qualitatively consistent with natural patterns of Daphnia abundance in the ponds. For example, effects of competitors were weak in Lux16, the pond with the highest levels of Daphnia relative biomass. Furthermore, all the experimental ponds experienced seasonal declines in Daphnia pulex abundance. Concomitant with this pattern was an increase in the negative effects of competition later in the season.
Though predator presence had generally weak effects relative to competition, this does not mean planktivores other than fish are incapable of imposing strong negative effects on Daphnia population growth. My design was only intended to measure effects of Chaoborus populations present in the ponds at the time of each experimental run; it is conceivable that at other times of the growing season Chaoborus effects could be stronger. For instance, variation in predator size structure can influence predator interaction strength, as large Daphnia are more susceptible to predation by third and fourth instars of Chaoborus species (Pastorak 1980 , Moore 1988 ). This was borne out in regression analyses; predation intensity increased as the combined density of third and fourth instars of Chaoborus increased. Thus, a greater absolute abundance of these larger size classes could translate into stronger predation effects in some ponds and time periods. Fishless ponds are also populated by several taxa of planktivores in addition to Chaoborids, some of which may have direct negative impacts on large-bodied Daphnia, most notably Notonectids and salamanders (Murdoch et al. 1984 , Morin 1987 . Salamander effects were likely minimal in my study ponds. Though Ambystoma tigrinum and Notopthalmus viridescens have often been detected on the fringes of P12, P14, and P15, these ponds are relatively deep with large open water zones, and these salamanders have never been observed in the water column of these systems ( personal observation). Moreover, salamanders have not been found in previous surveys of Shaw4 and Lux16 (J. Chase, personal communication) . When compared to Chaoborus, Notonectids are also relatively rare in P12, P14, and P15, achieving densities of ϳ7-70 individuals per 10 000 L (C. Steiner, unpublished data) . Because of these low abundances, they could not be stocked in my enclosures at natural densities. However, these predators can obtain densities comparable to Chaoborids in Shaw4 and Lux16 Ϫ0.3 individuals/L and 1.18 individuals/L, respectively (J. Chase, personal communication). Thus, my experiment does not allow me to state with absolute certainty that invertebrate predator assemblages have little or no effect on Daphnia relative to competition. Nevertheless, P12, P15, and Shaw4 exhibited total or near complete losses of Daphnia in ϩCOϪPR enclosures in August. In these systems, predator presence is not needed to explain the absence of Daphnia, reinforcing the general argument that top-down factors are not paramount in explaining late season declines and extinction of Daphnia in these fishless ponds.
Numerous factors may influence variation in competition effects among zooplankton. While many of these factors varied spatially and temporally in the study ponds, regressions only revealed a significant relationship between competition intensity and the C:P ratio of edible seston. Decreasing nutritional quality of resources (i.e., increasing C:P) can affect consumer population performance by increasing the minimal resource quantity (R*) needed to maintain zero net population growth rates (Sterner and Hessen 1994 ). This will most severely impact consumers with high phosphorus demands, such as Daphnia, potentially altering competitive outcomes (Sterner and Hessen 1994) . Within the context of short-term population responses, a given level of algal abundance is expected to have a smaller positive effect on Daphnia population growth rates when algal resources are of lower quality (i.e., exhibit higher C:P). The realization of these effects on Daphnia is only predicted for carbon concentrations above 4 mol/L; below this threshold C limitation overrides effects of P limitation . My experimental results were qualitatively consistent with this scenario; competition intensity increased as seston C:P increased. Furthermore, carbon concentrations in my study ponds were well above the requisite 4 mol/L threshold (Ͼ38 mol/L). Several studies have documented effects of algal C:P and N:P on Daphnia population performance (e.g., Urabe et al. 1997 , Elser et al. 2001 ), yet this is the first study to reveal covariation between algal stoichiometry and experimentally quantified effects of competition in the field.
While intriguing, caution is warranted when interpreting this pattern. First, the absence of competitors likely affected algal composition in addition to algal quantity. Thus, C:P, algal composition, and edible algal biomass may have interacted to generate Daphnia responses. A more important point to consider is that seston stoichiometry did not vary independently among the ponds and hidden collinearities could have accounted for variation in competition effects. Seston C:P was significantly and positively correlated with both pond temperature (r ϭ 0.81, P ϭ 0.005) and the relative biomass of small-bodied Cladocera (r ϭ 0.76, P ϭ 0.01). C:P was also negatively correlated with total (r ϭ Ϫ0.70, P ϭ 0.02) and Ͼ60-m chlorophyll a (r ϭ Ϫ0.65, P ϭ 0.04). Lux16, the Daphnia dominated system, had especially high chlorophyll a levels, low temperatures, and a small zooplankton community composed largely of copepods (Appendix). Previous studies have suggested that low temperatures may favor Daphnia dominance and influence competitive outcomes between large and small zooplankton (Lynch 1978) . High resource levels are also thought to enhance Daphnia performance over small-bodied taxa (Romanovsky and Feniova 1985, Bengtsson 1987) . Moreover, competition effects are expected to be stronger with small-bodied Cladocera, taxa known to exhibit higher resource overlap with large Daphnia, when compared to copepods (DeMott 1989) . In short, all of these factors could have influenced competition intensity, independent of resource quality (though interactions among all four factors are possible). Such covariation among environmental variables is to be expected in natural systems and is a potential drawback of crosssystem experiments. Only further experimental manipulation of potential causal factors themselves can reveal true causal relationships and interactive effects.
An additional point of concern is that my experimental manipulations may have created confounding effects. Water in ϪCOϪPR treatments was filtered through 80-m mesh and ϪCOϩPR treatments received pond water through a 250-m mesh. Thus, initial algal assemblages may have varied among treatments. Taxa potentially affected were in a size range (Ͼ80 m) relatively insusceptible to grazing pressure by Daphnia (Sterner 1989 ) and therefore were likely not a primary food source. However, some large taxa such as filamentous cyanobacteria and Microcystis are known to interfere with Daphnia feeding efficiency (DeMott 1989, Gliwicz and Lampert 1990) . A greater abundance of these forms in ϩCOϪPR treatments could have generated a pseudo-competition effect.
Algal samples were not collected from the enclosures. To address this problem, I instead examined net phytoplankton in zooplankton samples from ϪCOϪPR and ϩCOϪPR enclosures, counting major taxonomic groups and measuring a subset of individuals from each to generate biovolume estimates (based on standard geometric shapes). The dominant taxa encountered were filamentous cyanobacteria (e.g., Anabaena and Aphanizomenon), Microcystis, Ceratium, Volvox, and Closterium. Present, but at much lower percent bio-volumes (Ͻ5%) were large diatoms (e.g., Synedra), filamentous green algae, Melosira, Cosmarium, Pediastrum, Coelosphaerium, Dinobryon, and Nostoc. In general, composition was identical in both controls and competition treatments within given ponds, suggesting that both treatments were seeded with assemblages of similar composition. I used ANOVA to detect differences among treatments in log 10 absolute biovolume of each taxon for each pond and experimental period separately. I focused this analysis on dominant taxa only. Of these, Volvox and Closterium (a large desmid) were likely too large to be consumed by Daphnia and are not known to interfere with their feeding, and thus have been excluded. Microcystis biovolume was significantly greater in ϩCOϪPR treatments in P14 (June; P Ͻ 0.01) and greater in ϪCOϪPR treatments in Lux16 (August, P Ͻ 0.01), but in both cases comprised a minor fraction of total biovolume (Ͻ6% and 1% respectively). Hence, interference and confounding effects in these two cases seem unlikely or minimal. Ceratium was significantly greater in the ϩCOϪPR treatment in P15 (June) and was a major component of the algal community in these enclosures. Ceratium interference with Daphnia feeding has not been experimentally determined. However, this taxon is known to be largely resistant to Daphnia grazing (Sterner 1989) and was most likely not a food source. Finally, biovolume of filamentous algae was significantly greater in ϩCOϪPR treatments in Shaw4 for both June and August experimental periods. At both times, filamentous forms were the dominant component in these treatments (Ͼ90% total biovolume). Thus, a pseudo-competition effect due to feeding interference may have occurred. On the whole, this analysis indicates that my measures of competition intensity are in all probability robust, with the exception of Shaw4, which should be viewed cautiously.
Many models of species interactions base predictions on steady-state conditions and assume static hierarchies of competitive ability and/or predator vulnerability. Seasonally dynamic systems present a unique challenge to this form of thinking by incorporating the potential for shifts in the magnitude and direction of competitor and predator effects. This study provides clear evidence that such changes are present and the likely cause of temporal and spatial variation in the abundance of what is considered to be a major component of planktonic communities. Effects of competition appear to be central in determining Daphnia incidence and abundance in fishless ponds. More importantly, competition effects were not static phenomena but highly dynamic, varying both spatially and temporally in relation to the nutritional quality of resources. The impacts of algal stoichiometry on competitive outcomes between Daphnia and alternate taxa have long been postulated but actual quantification of effects on competition intensity has been deficient. The present study provides an intriguing suggestion that such processes could be important in pond communities. Yet, future work will need to further explore and verify whether the causal pathway underlying this pattern is a direct or indirect one.
